Objective. Symptomatic hand osteoarthritis (OA) is a common condition that affects hand strength and function, and causes disability in activities of daily living. Prior studies have estimated that the lifetime risk of symptomatic knee OA is 45% and that of hip OA is 25%. The objective of the present study was to estimate the overall lifetime risk of symptomatic hand OA, and the stratified lifetime risk according to potential risk factors.
between 3% and 8% (6) (7) (8) (9) (10) (11) . Higher prevalence values have been reported among older adults, with prevalence estimates of 13% in men and 26% in women age .70 years in the Framingham Osteoarthritis Study (3), a prevalence of 15% among individuals age $65 years in an Italian community (10) , and the lowest estimate, 5%, among a Chinese population of adults age $60 years (11) . In the Framingham Osteoarthritis Study, the 9-year cumulative incidence (proportion of new cases) of symptomatic hand OA in adults was 7% (12) . The 10-year cumulative incidence of doctor-diagnosed hand OA in a Norwegian adult cohort was 6% (13) . The incidence rate of symptomatic hand OA observed for up to 4 years among members of the Fallon Community Plan (Massachusetts) was 100 per 100,000 person-years (5) .
Lifetime risk is the probability of developing a condition over the course of a lifetime. The lifetime risk has been previously estimated for other chronic conditions, including cancer, heart diseases, and diabetes mellitus (14) (15) (16) . Using data from the Johnston County (JoCo) OA Project, the lifetime risk was estimated to be 45% for development of symptomatic knee OA (17) and 25% for symptomatic hip OA (18) . To our knowledge, the lifetime risk of symptomatic hand OA has not been reported. Estimating the lifetime risk of symptomatic hand OA provides a risk estimate that is useful both for an individual's prognosis and for those seeking a better understanding of its public health burden. Using longitudinal data from the JoCo OA Project, we estimated the overall lifetime risk of symptomatic hand OA in the study population, and also stratified the risk by potential influential factors. It was not our objective to examine the association between risk factors and symptomatic hand OA, but rather to provide an estimated probability of having symptomatic hand OA by a certain age, and to determine whether this probability might differ by sex, race, education level, obesity status, hand injury history, and occupational factors that have been reported to be potential risk factors of OA or that may affect other risk factors (19) (20) (21) .
SUBJECTS AND METHODS
Study design and data source. The JoCo OA Project is an ongoing population-based prospective cohort study monitoring the occurrence and natural history of OA in residents of Johnston County, North Carolina. Data collection and evaluation were conducted at baseline during 1991-1997 (n 5 3,068) and at 3 follow-up cycles (time 1 during 1999-2004, time 2 during 2005-2010, and time 3 during 2011-2015). The study protocol used probability sampling to select a representative sample of noninstitutionalized civilians, comprising African American and white men and women age $45 years who were residents of 1 of 6 selected townships of Johnston County and who were physically and mentally capable of completing the study protocol. The protocol included both home interviews and clinic visits. Project methods are described in detail elsewhere (22) . The study protocol was approved by the Institutional Review Boards of the Centers for Disease Control and Prevention and the University of North Carolina.
Radiographs were obtained during the clinic visits by a standard protocol involving bilateral posteroanterior views of the hands. A single experienced musculoskeletal radiologist (JBR) read the images using standard atlases (23, 24) for features of radiographic OA at each of the 30 joints of both hands, using the radiographic films obtained in each data-collection cycle. We performed a reliability assessment of the radiographic readings by comparing a sample of those films read singly and those films read in series (paired readings) (see Supplementary Appendix  and Supplementary Tables 1 and 2 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10. 1002/art.40097/abstract), which showed good-to-excellent reliability (kappa coefficients 0.72 for time 1 and 0.86 for time 2), thus allowing us to use the original (read singly) radiographic readings.
In this study, we analyzed data from the time 1 and time 2 follow-up cycles, because hand OA symptoms and radiographic measurements were collected in these cycles (hand symptoms and radiographic features were not measured at baseline in the JoCo OA Project). Symptomatic hand OA was defined as the presence of both self-reported symptoms and radiographic OA in the same hand. Participants were considered to have symptomatic hand OA if they had symptomatic hand OA in at least 1 hand. Presence of hand symptoms was ascertained by a response of "yes" to the question, "On most days, do you have pain, aching, or stiffness in your left/right hand?" Radiographic hand OA was defined according to the following 2 criteria (25): 1) a Kellgren/Lawrence (K/L) radiographic severity grade of $2 (i.e., mild-to-severe radiographic OA) (24) in at least 3 total joints in each hand, excluding the metacarpophalangeal (MCP) joints; and 2) at least 1 of the affected joints being the distal interphalangeal (DIP) joint. The thumb interphalangeal joint was considered to be a proximal interphalangeal (PIP) joint, and the carpometacarpal (CMC) joint was included in the count of the total number of joints affected (as described in criterion 1).
Various definitions of radiographic hand OA have been used in different studies (26) . Our definition was based on the descriptions of generalized OA phenotypes in prior studies (25, 27, 28) , as well as on the intent to represent subjects commonly seen in clinical settings and the presence of hand OA sufficiently severe to likely affect quality of life. We believe our definition has both clinical and public health implications, and therefore the definition that we applied is appropriate for lifetime estimation of the symptomatic hand OA risk from a population perspective.
We conducted a sensitivity analysis for an alternative definition of radiographic hand OA that includes the MCP joint. The results of the sensitivity analysis showed little difference from the analyses excluding the MCP joint, and therefore those results are not reported herein. Additional sensitivity analyses using radiographic hand OA as the outcome measure were also performed separately for men and for women, and for individuals with and those without obesity.
Lifetime risk estimation. Lifetime risk is the cumulative probability (i.e., cumulative incidence) of a condition in a cohort-the number of people who develop the disease by a specified age (age 85 years in this analysis) as a proportion of the total population at risk during the same time period. Lifetime risk estimation of other diseases has typically used life table analysis or modified time-to-event analysis, which require complete registry of the disease (in the case of life table analysis) or frequent follow-up (in the case of time-to-event analysis). To our knowledge, there are no population-based OA data sources with these characteristics. In addition, there are 3 methodologic challenges to the use of these conventional methods. First, the time to onset of symptomatic hand OA cannot be precisely determined, because OA develops slowly over time. Second, 137 participants in our sample had preexisting symptomatic hand OA at their first measurement (prevalent cases) that might thereby be excluded from a time-to-event analysis, meaning that we would lose more than one-third of the symptomatic hand OA cases in the cohort. Third, 70% of the study participants had only 1 observation at either time 1 or time 2, and therefore, in a typical time-to-event analysis, they would be managed through censoring or might be excluded from the study, thus further reducing the sample size. Because of the considerable attrition between baseline and follow-up commonly seen in cohort studies, life table analysis may result in an overestimation of risk because of the extensive censoring among participants who would be absent at follow-up.
We estimated the lifetime risk as a model-predicted prevalence of symptomatic hand OA at age 85 years for those who survived to this age, which is equal to the cumulative incidence by age 85 years, because 1) the joint structural changes defined in radiographic OA are irreversible, and 2) symptomatic hand OA has not been shown to be associated with total mortality (29) . We analyzed all individuals with either single or multiple observations using a generalized estimating equations (GEE) approach, to account for within-person correlation (i.e., multiple observations per person) and to estimate the population-averaged prediction at a given age. All cohort members, regardless of symptomatic hand OA status at time 1, were included in this analysis. The inclusion of both prevalent and incident cases ensures a greater likelihood that individuals who have ever had symptomatic hand OA are included in the estimate.
Study population. Our study population comprised 2,218 participants for whom both information on hand symptoms and hand radiographs were available during at least 1 datacollection cycle (Figure 1 ). Among these participants, 657 individuals (29.6%) had complete information on hand symptoms and radiographic measurements at both time 1 and time 2, with a median follow-up time of 6.0 years (range 4.0-8.4 years); the rest of the study population had only 1 observation of hand symptoms and radiographic measurements, at either time 1 (n 5 565) or time 2 (n 5 996). Participants with radiographic evidence of rheumatoid arthritis (n 5 11) were excluded from this analysis. All 2,218 eligible participants were included in the data analysis for lifetime risk estimation of symptomatic hand OA.
Statistical analysis. We estimated the lifetime risk of symptomatic hand OA using the GEE method. Age served as the Figure 1 . Distribution of subjects in the symptomatic hand osteoarthritis study sample from the Johnston County Osteoarthritis Project. In the time 2 sample, subjects (n 5 730) were deemed ineligible for the following reasons: physically/mentally unable to participate (n 5 165), moved away (n 5 160), deceased (n 5 358), or unknown (n 5 47). † Categories were assessed in response to the question, "For the job that you held longest in your life, how often did you have to use hand-held tools or equipment (pen, keyboard, computer mouse, drill, hairdryer, sander, etc.)?" The participants in whom use was categorized as less frequent were those who answered "never," "seldom," or "sometimes" to this question. Those in whom use was categorized as more frequent were those who answered "often" or "always."
1206 QIN ET AL independent variable, binary status of symptomatic hand OA (yes versus no) was the outcome variable, and lifetime risk was estimated as the model-predicted probability of developing symptomatic hand OA at age 85 years, using conditional marginal probability. We chose the age of 85 years because it is a reasonable life expectancy for individuals in the US (30) . For stratified analysis, we estimated the lifetime risk from models that contained the stratification variable (e.g., sex) one at a time and the interaction term of the variable with age. To test the linearity of the age effect, a preliminary analysis was conducted to include the quadratic term age 2 .
We also estimated the model-predicted probability of having symptomatic hand OA for ages 45 years through 85 years, and plotted cumulative risk curves by age and stratification variables.
To ensure that our estimates were representative of the target population (i.e., the 6 selected townships of Johnston County), we incorporated sampling weights to account for oversampling of African Americans and differential rates of nonresponse at different data-collection cycles. The weights were also calibrated to the population counts from the 2000 US Census for those 6 townships in Johnston County. In addition, the statistical analyses were adjusted for within-cluster correlation from potential correlation of repeated measures for participants (for those with data from both cycles), using an exchangeable working correlation structure, and the within-cluster correlation from the stratified random sampling design at 3 levels (stratum [townships], the primary sampling unit [streets] , and the secondary sampling unit [households]). A Taylor series linearization method was used to estimate the standard error of the probabilities with 95% confidence interval (95% CI). Adjusted F-statistics from Wald's test were used to test the risk difference between levels of the stratification variables. Statistical testing used an alpha level of 0.05. All analyses were performed using SAS callable SUDAAN software (version 11; RTI International).
Stratification variables. The estimated lifetime risk of symptomatic hand OA was stratified for the following 6 known or potential risk factors for symptomatic hand OA: sex, race, education level, obesity, prior hand injury, and occupational hand activities (19) (20) (21) . Age and stratification variables were self-reported in an interviewer-administered questionnaire during home interviews. Obesity was defined as a body mass index (BMI) of $30 kg/m 2 , with the participants' weight and height measured during clinic visits. Prior hand injury for the right and left hands was determined based on the participant's response to the question, "Has a doctor ever told you that you had broken or fractured any fingers of your hands?" Participants answering "yes" for at least 1 hand were considered to have prior hand injury. Occupational hand activities were assessed by the question, "For the job that you held longest in your life, how often did you have to use hand-held tools or equipment (pen, keyboard, computer mouse, drill, hairdryer, sander, etc.)?" For participants who answered "never," "seldom," or "sometimes" use was categorized as "less frequent," and for those who answered "often" or "always" use was categorized as "more frequent."
RESULTS
Overall, 352 participants in the study population had symptomatic hand OA in at least 1 hand. The unweighted prevalence of symptomatic hand OA was 10.8% at time 1 and 15.5% at time 2, and the unweighted prevalence of pain, aching, or stiffness in at least 1 hand was 46.2% at time 1 and 36.3% at time 2.
The mean 6 SD age of the 1,222 study participants at time 1 was 61.0 6 10.7 years (range 45-94 years). The weighted proportion of women was higher than that of men (60.6% versus 39.4%), and there were more whites than African Americans (71.3% versus 28.7%) ( Table 1) . About three-fourths of the cohort had completed at least high school (75.7%), and nearly one-half of the cohort (45.5%) were obese. These characteristics were similar at time 2, except that the subjects at time 2 were older. The quadratic term age 2 was not statistically significant (at a level of a 5 0.05). First-order continuous age was used in the remaining analyses, because its association with lifetime risk provides a simpler (linear) interpretation. ‡ Estimated from models that contained the stratification variable (e.g., sex) and the interaction term of the variable with age. § The smallest of the 3 pairwise comparisons. ¶ Categories were assessed in response to the question, "For the job that you held longest in your life, how often did you have to use hand-held tools or equipment (pen, keyboard, computer mouse, drill, hairdryer, sander, etc.)?" The participants in whom use was categorized as less frequent were those who answered "never," "seldom," or "sometimes" to this question. Those in whom use was categorized as more frequent were those who answered "often" or "always."
The overall lifetime risk of symptomatic hand OA (i.e., the proportion of those who will develop the condition by age 85 years) was 39.8% (95% CI 34.4-45.3%) ( Table 2 ). The lifetime risk was nearly 1 in 2 for women (47.2%, 95% CI 40.6-53.9%) compared with 1 in 4 for men (24.6%, 95% CI 19.5-30.5%). The curve of cumulative incidence of symptomatic hand OA showed a consistently significantly higher risk in women than in men at all ages analyzed, and this difference became greater with increasing age (Figure 2A) .
The lifetime risk of symptomatic hand OA was 12.2 percentage points higher in whites than in African Americans (P 5 0.031) ( Table 2 ). The curve of cumulative incidence of symptomatic hand OA indicated a significantly higher risk in whites than in African Americans throughout the middle to older ages ( Figure 2B ).
Among individuals with obesity, the lifetime risk of symptomatic hand OA was 47.1% (95% CI 37.8-56.7%), compared with 36.1% (95% CI 29.7-42.9%) among those without obesity (P 5 0.063) ( Table 2 ). In individuals classified as obese compared with those who were not obese, there was little difference in the cumulative risk of symptomatic hand OA up to the mid-60s in age, but thereafter the difference in cumulative risk in obese individuals compared with nonobese individuals increased with older age ( Figure 2C) .
Moreover, the lifetime risk of symptomatic hand OA was 53.7% (95% CI 22.0-82.6%) in individuals with prior hand injury compared with 39.3% (95% CI 33.9-45.0%) among those without prior hand injury (P 5 0.427) ( Table 2; 
DISCUSSION
Our estimates of lifetime risk from this populationbased study of adults suggest that 40% will develop symptomatic hand OA by age 85 years. The lifetime risk of symptomatic hand OA was slightly lower than that of symptomatic knee OA (45%), but higher than that of symptomatic hip OA (25%) in the same population (17, 18) . Similarly, estimates of OA prevalence in the general population are usually the highest for the knee, followed by the hand (using a definition similar to ours), and lower for the hip (10, 25) .
Lifetime risk estimates provide an informative and helpful prediction from an individual perspective if one anticipates living to an older age. In addition, estimation of lifetime risk presents the scope of the problem from a population perspective. Given the aging population and increasing life expectancy in the US (31), it is reasonable to expect that more Americans will be affected by this painful and debilitating condition in the years to come.
The lifetime risk was particularly high among women; we estimated that nearly 1 in 2 women will develop symptomatic hand OA by age 85 years compared with 1 in 4 men. Women are consistently at higher risk of OA than men in epidemiologic studies (19) (20) (21) , particularly in the hand. In a large prospective cohort study, the adjusted female-to-male OA rate ratios were 2.5 for hand OA, 1.5 for knee OA, and 1.2 for hip OA; the risk of hand OA among women peaked at ages 60-64 years (32) . Several hypotheses have been proposed to explain the higher risk of OA in women. One probable explanation is a hormonal effect: the higher incidence of OA in women just after menopause suggests that estrogen deficiency may play a role in causing the disease (21) . Other hypotheses include differences in pain perception and sensitivity (33) and anatomic differences between men and women (34), as well as differences in reporting of pain (3). It has been previously shown in the Framingham Osteoarthritis Study that the prevalence of radiographic hand OA was similar between women and men (94.4% versus 88.6%), whereas symptomatic hand OA was twice as common in women as in men (26.2% versus 13.4%) (3). We performed a sensitivity analysis that analyzed radiographic hand OA as the outcome measure, and the lifetime risk of radiographic hand OA at age 85 years was 79% (95% CI 74-83%) in women and 63% (95% CI 57-68%) in men. The difference was statistically significant (P , 0.01). One possible explanation for the difference between the findings in our study and those in the Framingham Osteoarthritis Study is that the definition of radiographic hand OA used in the Framingham Study was presence of OA in $1 finger joint.
Consistent with our findings, prior studies using data from the JoCo OA Project demonstrated that whites were more likely to have symptomatic hand OA and to have hand radiographic OA phenotypes as compared with African Americans, after adjusting for sex, age, and BMI (25, 35) . In another population of middle-aged women, the unadjusted prevalence of radiographic OA was found to be similar between African American women and white women in the DIP, PIP, and CMC joints, but was markedly higher in the MCP joints among African American women (36) . The biologic mechanism for these observed differences is unknown and warrants further investigation.
Obesity is an important, and modifiable, risk factor for both the incidence and the progression of OA. The evidence of association between obesity and OA in the loadbearing knee joint is strong, whereas evidence of association between obesity and hand OA is moderate in different studies (13, (37) (38) (39) (40) (41) (42) . These studies used multivariate analyses to examine the association between obesity and OA, adjusting for other potential confounders (e.g., sex). The goal of our analyses was not to investigate the risk factors for symptomatic hand OA, but rather to estimate the scale of the burden and to assess the risk via simple stratification analyses based on known OA risk factors, analyzed one at a time. Nevertheless, our results still showed a difference of 11 percentage points in the lifetime risk of symptomatic hand OA by obesity status. Sensitivity analyses using radiographic hand OA as the outcome measure estimated the lifetime risk at age 85 years to be 78% (95% CI 72-84%) for individuals with obesity and 70% (95% CI 63-77%) for those without obesity (test-of-difference P 5 0.076), suggesting that the difference in estimates of lifetime risk of symptomatic hand OA by obesity status may not be fully explained by differences in the reporting of pain.
Recent studies have suggested that the pathogenesis of hand OA is likely different than the pathogenesis of OA in the load-bearing joints (i.e., knee and hip). Unlike knee and hip OA, in which abnormal biomechanics due to excessive weight are known to play an essential role, systemic processes, such as aberrant metabolic regulation and inflammation associated with obesity, may be more important than mechanical factors in the pathogenesis and progression of hand OA (43) (44) (45) .
Joint injury and occupational activities are known modifiable risk factors for OA (19) (20) (21) . Severe injury to the structure of the knee is strongly linked to the subsequent onset of OA and musculoskeletal symptoms (46, 47) . However, similar evidence with regard to the effects of injury in the hand is lacking, because almost all such injury studies have focused on the knee. The lifetime risk of symptomatic hand OA was 54% among those with hand injury compared with 39% among those without hand injury, but the small number of participants with hand injury precluded statistically significant findings. Occupational activities that involve repetitive motion, high biomechanical loading, or vibration could initiate or accelerate structural changes in the cartilage, bones, and other joint tissues, and cause injuries (48) . Extensive precision pinch or grip, as seen in occupations such as dentists and textile workers, is associated with increased risk of OA in the DIP joint, whereas forceful and prolonged gripping, common in heavy manual work, is associated with increased risk in the MCP joint (48) . Our single question on hand-held tool use tried to assess occupational activities that would be relevant to the hand, but did not directly address gripping or pinching.
Our analysis is subject to the following limitations. First, Johnston County, North Carolina is a lower-income, semirural area in the southern US, and our findings may not be generalizable to other regions of the US or other populations. However, we expect that the lifetime risk of symptomatic hand OA is likely high in the US, given the aging population and the high prevalence of obesity (49) , both of which are important risk factors for OA. A comparison of the US and Johnston County populations in 2010 (50) showed that 50.8% were women in both populations, approximately one-third were obese (35.7% versus 34.4%), and race distributions were similar (whites, 72.4% versus 74.2%; African Americans, 12.6% versus 15.1%). Compared with the US population, the Johnston County population was slightly younger (age $45 years, 39.5% versus 35.6%, respectively; age $65 years, 13.0% versus 10.2%, respectively). Moreover, the Johnston County population was less educated (18.8% had not completed high school versus 14.9% in the US population) and had lower income (median annual household income $49,745 versus $51,914 in the US population). However, Johnston County had substantially more people living in rural areas (52% versus 19.3% of the US population).
Second, the hand symptom question was not jointspecific, which may affect specificity of symptomatic hand OA ascertainment, as the joints having radiographic OA and those showing symptoms may not be the same ones. Questions about hand symptoms with more details (e.g., which joints are affected and level of severity) may help to improve the specificity of the symptomatic hand OA definition.
Third, the hand injury question asks participants if they ever had broken or fractured fingers. This question is likely to result in an underestimation of less severe hand injuries.
Fourth, the assessment of occupational hand-held tool use was limited in 2 ways. 1) Participants self-reported the frequency of hand-held tool use in the longest job held in their lives, which may be subject to misclassification of exposure due to recall bias. 2) The occupational hand-held tool question listed examples ranging from pens, keyboards, and a computer mouse to hairdryers, drills, and sanders; the latter typically involves vibration and greater force relative to the other tools. Mixing them together would likely cause nondifferential misclassification of occupational exposure, and would increase the similarity between the high-exposure and low-exposure groups, thus resulting in an underestimate (dilution) of the true difference between stratified lifetime risks.
Fifth, although the onset of hand OA occurs most commonly after the age of 40 years (21), selecting a study sample with ages $45 years may miss cases of symptomatic hand OA in the younger population. This may contribute to a slight underestimation of the lifetime risk.
Sixth, the method used in this study did not adjust for potential changes in BMI over time.
Seventh, models of stratified lifetime risk estimates only included a single factor at a time, in addition to age. Therefore, residual confounding may exist.
Finally, the limited sample size decreased the precision of the point estimates. This would likely prevent detection of statistically significant differences between subgroups.
This study had several strengths. First, our approach provided lifetime risk estimation of symptomatic hand OA that included all participants with either 1 measurement or multiple measurements in the analysis, which is otherwise unfeasible using conventional methods, given the difficulties described earlier.
Second, as far as we know, the JoCo OA Project is the only longitudinal OA cohort study in the US that includes oversampling of African Americans (33% in the JoCo OA Project baseline cohort) for analysis of racial differences.
Third, the probability sampling design of the JoCo OA Project allowed us to make population-based inferences.
Lifetime risk, or the probability of developing a condition over a lifetime, is conceptually accessible to the public; it may be easier for the general population to understand absolute risk estimates such as the lifetime risk, as opposed to relative risk estimates. Moreover, greater understanding of lifetime risks may motivate health care providers and researchers to develop preventive strategies and provide earlier interventions for hand OA.
Symptomatic hand OA has substantial public health implications, considering its high lifetime risk, its effect on functional impairment and disability of the hand, and its association with decreased quality of life. These findings underscore the need for increased use of public health and clinical prevention and intervention measures to address and mitigate the impact of symptomatic hand OA on individuals and society. There are effective and inexpensive public health interventions (51) as well as other nonpharmacologic strategies and pharmacologic therapies (52) that may help manage OA symptoms, maintain better function, and improve quality of life. Our lifetime risk estimates of symptomatic hand OA, together with those previously ascertained for knee OA and hip OA (17, 18) , further illustrate the significant burden of symptomatic OA.
